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Abstract 
Coral reef is one of the coastal marine ecosystems which highly productive, biodiverse, and economically valuable.
However they are also fragile, sensitive and easily stressed by environmental change, including impacts from seawater 
temperature increases from the disposal of the cooling water from power generations at the coastal environement. This 
paper presents results from an ongoing study on effects of elevated water temperatures on coral reefs ecosystem, 
associated with a cooling water discharge from an operating power generation. Thermal dispersion modeling was
undertaken and a model verification was conducted for both hydrodynamics components, i.e. tides and currents. 
Environmental monitoring was conducted in the coastal waters around the power plant, located at Paiton subdistrict, 
Probolinggo, East Java, Indonesia, from 2008-2013. Comparisons showed a good agreement between the modeling 
and the monitoring data. Four stations were defined based on the hydrodynamics modeling to indicate which stations 
that are influenced and not influenced by the cooling water. Seawater quality data has been gathered, including key 
environmental indicators, i.e., temperature, salinity, water clarity and total dissolved solids (TDS). The Line Intercept 
Transect (LIT) method was used to assess the reefs ecosystem. The results indicate that increasing in the natural water 
temperature of Paiton area are affecting lifeform composition and growth of corals. This information is useful for 
improving the development of cooling water quality standards.
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1. Introduction 
Coral reef is one of the coastal marine ecosystems which highly productive, biodiverse, and economically valuable.
However they are also fragile, sensitive and easily stressed by environmental change. They live with warm water 
temperatures and tend to be stable with a temperature range 25-29qC1. Nowadays, there has been a progressive global 
degradation of coral reefs ecosystem. This disaster has been driven by impacts of global warming, man-made pollution, 
destructive fishing practices, over-harvesting and environmental mismanagement. Long-term impacts from water 
temperature increasing from the disposal of cooling water waste from various industrial activities and power generation 
on the coast may compound other sources of stress.
Cooling water discharge from the power generation has a high enough temperature difference compared to natural 
seawater temperature. In the PLTU (steam power generation) Paiton waters, Probolinggo district, East Java 'T reaches 
8qC 2, >5qC in PLTGU (gas and steam power generation) Cilegon waters3, and 9qC in Suralaya waters, municipal 
Cilegon, West Java4. Abnormally high temperatures trigger physical, chemical and biological changes in the ocean 
that affect marine organisms including coral reefs, both directly and indirectly. 
The effect of temperature on coral health has been reported previously by observing the parameters such as coral 
cover4, the structure and growth of corals5,6, coral bleaching7,8, zooxanthella9,10. The increase in water temperature 
>1°C above the annual maximum temperature for 3-4 weeks can cause sublethal effects (loss of pigment zooxanthella) 
on coral reefs11, while the increase of 4-5°C causes death in most types of corals12. 13 observed that temperature 29°C-
31°C is the threshold that affects the growth and the process of coral bleaching and calcification.   
This paper presents results from an ongoing study on effects of elevated water temperatures on coral reefs 
ecosystem, associated with a cooling water discharge from an oprating power generation. A hydrodynamics modeling 
and environmental monitoring were undertaken in this study. A thermal plume dispersion modeling was employed to 
identify locations which are affected and not affected by the the cooling water discharges. This was then used as a 
basis for the determination of stations for the environmental monitoring to assess states of the corals associated with 
the water quality. 
2. The Model 
2.1. Modeling Approachs
The numerical simulations of the thermal plume from the power plant were performed using the Resources 
Management Associates - RMA2 and RMA4, a two-dimensional hydrodynamics module solving depth-averaged by
finite element method. The model incorporates hydrodynamics and thermal dispersion modeling. In hydrodynamics 
modeling, there are 3 forces dominated to the current pattern. Those are gravitation force, shear force, and Coriolis 
force. Gravitation force from moon and sun affects the earth and causes tidal movements. Shear force, in this case, is 
a force comes out from two contacted surfaces and relative movements occur. In this case, those surfaces are air and 
seawater. Coriolis forces caused by earth rotation affected water mass current. This force makes current rotate in the 
same direction as a clock in southern and antipodes in northern. This, causing coriolis forces as one of the forces 
dominated to sea hydrodynamics14.
RMA2 calculates a finite element solution of the Reynolds form of the Navier Stokes equations for turbulence and
eddy viscosity used to define turbulence characteristic. The equation of RMA2 consist of two cartesian equations15:
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Continuity equation for incompressible fluid is:
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here h is water depth, (u, v) the local velocity in Cartesian coordinate in the (x, y) directions, t is the time, ρ is fluid
density, E the Eddy viscosity, g the acceleration of gravity, z is the elevation, n the manning coefficient, ξ the empirical
wind shear coefficient, Va is the wind speed, Ψ is the wind direction, ω the acceleration of earth rotation, and φ is
local latitude.
RMA4 modeling is used to investigate physical process from mixing and migrating conservative substances in 
river, reservoir, estuary, and coastal zone. General purpose of RMA4 is to investigate physical process simulating 
pollutant distribution in environment. The form of the depth-averaged transport equation used in RMA416 is :
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here h is water depth, c is concentration of pollutant for a given constituent, t is the time, (u, v) the velocity in x and y
direction, (Dx, Dy) the turbulent mixing (dispersion) coefficient; k is first order decay of pollutant, σ is source/sink 
constituent, and R(c) the rainfall/evaporation rate. The basic form of RMA4 equation is equal to transport sediment 
equation
2.2. Hydrodynamics Modeling 
Bathymetry of study site was used as input water depth data (Fig. 1). In model area, meshing was formed in
semicircular domain boundary with 1228 rectangular elements and 722 triangular elements. The circulation model is 
driven by tidal forcing. Tidal data used in this model was a tide measured in September 29-30, 2010 in 7°42’8.6”
latitude and 113°35’90” longitude in Paiton Area. Analysis of the tidal record has shown that the tide is mixed semi-
diurnal dominant pattern with Formzahl value was 1.14. Water elevation data from also taken for input data.  Water 
elevation data in July and November was taken as dry and wet season elevation. The simulation was done by inputting 
water elevation in typical of flood and ebb tide for spring tide and neap tide in both dry and wet season. 
The wind forcing over the model area then applied. Wind speed was assumed constantly 5 m/s to southeast. In 
model as shown in Figure 2, the value of water discharge from outlet is 200 m3/s which is comparable to the 
measured value (700.000 m3/hour17. The ambient water temperature and density were set at 28°C and 1022 kg/m3.
The Manning’s value was set as default 0.1667. Coriolis parameter inputs as -7.7145 of latitude and simulation 
type was dynamic.
Model calibration is needed to correctly simulate the actual condition by numerical model, then the models can 
give meaningful simulation results. In model calibration, water elevation and current velocity from data and model 
were compared (Fig. 3). The calibration results show no significant difference between data measurement and 
model for water elevation (Fig. 3a). Furthermore, data measurement show that current velocity was 0.117- 0.19 m/s
meanwhile the current velocity in model was 0.09- 0.16 m/s (Fig. 3b). Relative error in hydrodynamics modeling was
shown as 13.18%.
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Fig. 1. Bathymetry of study site
Fig. 2. Model area in RMA2
Fig. 3. Measurement and model graph: (a) Water elevation; (b) Current velocity
2.3. Thermal Dispersion Modeling 
Thermal dispersion modeling in RMA4 module showed the thermal dispersion pattern. To estimate the increase in 
temperature at area around cooling water discharge, temperature at discharge points was vary at 5, 8, 10 and 12 Celcius 
degree above the ambient water temperature. Diffusion coefficient was set as 50.0 for both Dx and Dy. 
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The simulation result shown in Fig. 4. Temperature values varied with tidal range and cooling water discharge 
temperature. For the cooling water discharge temperature of 36°C (ΔT = 8°C), temperature at the ±125 m and ±250 m 
from outlet point ranged from 3.0 to 4.2°C and 1.0 to 3.0°C above the ambient temperature. Temperature at the ±500 
m from outlet point was 2.17°C above the ambient temperature. Temperature at the ±500 m of west and east side from 
outlet point was 1.58°C and 1.64°C above the ambient temperature. Further, temperature at the approximately 1 km 
from outlet point was 1.61°C above the ambient temperature. The result of thermal plume dispersion modeling shows 
in Table 1. 
The model results show that tidal range has a significant role on thermal plume temperature and distribution. Low 
and high tides play a role on determining maximum temperature near the outlet. During low tide, there was less sea 
water volume near the outlet to dilute the cooling water discharge, resulting in high water temperature near the outlet. 
With more volume of sea water during high tide, water temperature at the outlet was much lower than that during low 
tide.
 Table 1. Sea temperature in simulated of cooling water discharge temperature 
Distance from outlet point Simulated of cooling water discharge temperature
33°C 36°C 38°C 40°C
±125 m 30.63°C 32.20°C 33.27°C 34.32°C
±250 m 29.92°C 31.70°C 31.84°C 32.61°C
±500 m 29.36°C 30.17°C 30.71°C 31.26°C
±500 m to west 29.00°C 29.61°C 30.01°C 30.42°C
±500 m to east 28.98°C 29.58°C 20.97°C 30.37°C
±1000 m 29.02°C 29.64°C 30.05°C 30.46°C
±2000 m 28.80°C 29.30°C 29.61°C 29.93°C
(a)                                                                                  (b) 
                                                 (c)                                                                                    (d)  
Fig. 4. Thermal dispersion model with discharge temperature increase (a) 33°C; (b) 36°C; (c) 38°C; (d) 40°C
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3. Environmental Monitoring 
The monitoring was conducted in the coastal waters around the steam power plant region in Paiton subdistrict, 
Probolinggo district, East Java. Coral reef ecosystems in the form of fringing reefs are at a depth of 3-7 m. Based on 
thermal dispersion modelling, the observation of reef conditions were conducted at four stations (Fig. 5), east water 
discharge and west water discharge (7042’53.96”LS; 113035’48.86”BT - St1 and St2) which influenced by cooling
water, and water intake station (7042’42.3”LS; 113035’15.2”BT - St3), and Karangkarnji station (7042’02.5”LS; 
113034’26.1”BT -St4) which are not influenced by cooling water. In this study, seawater quality data has been gathered 
such key indicators as temperature, salinity, water clarity and total dissolved solids (TDS). Seawater quality monitoring 
results shown on Table 2.
The value of salinity indicates that the environment within the optimal range for coral reef habitat. However, the 
value of temperature and TDS in St1, St2 and St3 exceed the optimal range. Compared with environmental parameters
was observed in 2008-2012 (Figure 2a, b, c), the ambient temperature measured in 2013 is lower. The range of
measured water clarity has a depth of 3-8 meters. Water clarity on St1, St2 and St3 have a depth 3-4m, while St4 has 
a depth 4-8m, which is the optimal condition as reef habitat. Water clarity level associated with suspended particles in
water and sedimentation rate. Water clarity is necessary for optimal coral growth. If the level of water clarity in shallow
waters decrease will resulting declining in the rate of photosynthesis of zooxanthellae. Of the four study sites, TDS
values tend to fluctuate in St1, St2 and St3. TDS in St4 measured tended to stable at a low value.
 
 
Fig. 5. Monitoring site at power plant area in Paiton subdistrict, Probolinggo district, East Java.  
Table 2. Seawater quality monitoring results, February – May 2013
4. Coral Lifeform and Coverage 
4.1. Materials and Methods  
The Line Intercept Transect (LIT) method19 was used to assess the reefs ecosystem. The LIT method is used to 
estimate the cover of an object or group of objects within a specified area by calculating the fraction of the length of 
the line that is intercepted by the object. The length of line transect is 100 m. At each point where the benthic lifeform 
Location
Parameters Peb March Apr May Peb March Apr May Peb March Apr May Peb March Apr May
temperature (surface) 32 32 31,5 32 33 33,5 33,5 32 35 34 35 34 31,5 31 30 31
temperature (bottom) 29,5 31 30,5 30 29 31 30,5 31 31 32 34 32 29,5 30 29 30
salinity 31 33 34 33 32 33 34 33 31 33 34 33 30 32 34 33
water clarity 3,5 3 4 4 3,5 3 4 3 4 3,5 4 3,5 4 5 8 6
TDS - - 4,8 29,6 - - 6,8 18 - - 28 34 - - 2,8 1,8
Sta4Sta1 Sta2 Sta3
Powerplant Outlet-ST 1 &
ST2
Intake – ST3
Lighthouse-ST4
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changes, the diver recorded the transition point in centimetres and the code of the lifeform. Hence, along the length of 
a transect (XY) a number of transition points (T) were recorded for each of the lifeforms. The length of each lifeform 
encountered under the transect (L) was the difference between the transition points recorded for each lifeform18.
This measure of cover, usually expressed as a percentage, is considered to be an unbiased estimate of the proportion 
of the total area covered by that object18. After calculating the length of the transition points recorded along the transect, 
the percentage cover of a lifeform category was calculated: 
Percentage cover = Total length of category x 100 (5)
Length of transect  
4.2. Coral Lifeform and Coverage Results 
Coral reef in the waters Paiton growing around the outlet canal, the canal water intake and Karangkranji with water 
depth of 4-5 m ±. Extensive coral cover around the outlet channel 69% -74%, around 60.5% water intake canal and in 
the waters of the Coral kranji 62, %%. Coral cover is often used to describe the condition of coral health, healthy coral 
categorized with cover> 50% and categorized as low cover (<50%). Each of these locations has a varied lifeform 
species composition, consists of: acropora branching (ACB), Acropora digitate (ACD), acropora tabulate (ACT), coral 
digitate (CD), coral encrusting (CE), coral foliose (CF), coral massive (CM), coral submassive (CS), coral mushroom 
(CMR). Reef ecosystems around the canal outlet (17.6%-36.25% CM) and intake (45,13 CM) canal is dominated by 
massive coral lifeform while in the location Karang kranji dominated by acropora branching (66.37% ACB) (Figure 
6 and 7)
Light intensity, salinity or other factors from optimal conditions narrows the range of tolerable temperature and 
interferes with vital temperature-related physiological mechanisms in reef corals.  High natural light intensity 
accelerated bleaching at high temperature, increased mortality rate, reduced carbon fixation and lowered growth rate12.
In most cases where temperature changes causes reef degradation, disturbances other than high temperature were 
the proximate causes of coral mortality, and hard corals failed to reestablish after such disturbances. This indicates 
that coral reproduction and/or recruitment are affected by temperature by disturbing (1) gamete production, (2) egg 
fertilisation, (3) embryo development and larval survival, (4) larval settlement and metamorphosis, (5) recruit survival, 
and (6) juvenile growth and survival. 
Fig. 6. Coral Lifeform and Coverage in Water Discharge (left : west water discharge; right : east water discharge)
Fig. 7. Coral Lifeform and Coverage in Water Intake (left) – Karang kranji (right)
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As shown in Fig. 8, Massive Coral (CM) lifeform was dominant in water discharge and water intake station, while 
the acropora branching (ACB) lifeform dominant in Karangkranji station. Of the various types of coral lifeform in 
coral reef ecosystems, a branching coral lifeform known as types tend to be sensitive to changes in ambient 
temperature. Seawater temperatures which can not be tolerated or exceeding the tolerance capabilities will affects the 
survival rate and growth of lifeform types of branching coral.
Fig. 8. Coverage of Coral lifeform, Branching Acropora Coral (ACB) and Massive Coral (CM) 
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